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I. Introduction
Predictive models of species distributions are being increasingly used to address questions related to the ecology, biogeography, and conservation of species (see Peterson, 2007) . Detailed knowledge of ecological and geographic distributions of species and vegetation is fundamental for conservation planning and forecasting (Ferrier 2002 
II. Background and Study Area
The study area is a testing ground on a crystalline mountain range (Belledonne, Grandes-Rousses, Ecrins, Oisans; Figure 1 ), extending to 5000 km² and located in the Isère French Department. The area is dominated by siliceous grasslands from sub-alpine and alpines belts ranging from 1,500 to more than 3,000 meters above sea level -the timberline being at about 2,200 m. Sub-and alpine grasslands show a great diversity according to ecological factors, such as temperature, elevation and solar radiation.
Topographic position at the alpine belt is a key factor because it influences snow cover duration, which is known to determine plants' ecophysiology and adaptation. Micro-topography and consequent rapid changes of environmental conditions in space and time are also important features of alpine glaciershaped landscapes that strongly influence the plant community properties. 
III. Methods

III.1. Graph theory to uncover species assemblage patterns
Graph theory has recently gained much attention in various fields of science. In the ecological sciences, it was first used to analyse webs of real biological interactions, such as food-webs, gene and protein networks and pollination networks (Proulx et al. 2005 ). The first application of graph theory to vegetation-plot data (species*sites table) was conducted by Yarranton (1973) to test the homogeneity of phytosociological tables. Dale (1977a, b) suggested later that graph theory could be used to detect plant species interactions in temperate forests at different scales. The method enables the properties and behaviour of networks to be quantified and visualized with friendly graphical outputs.
A graph is a mathematical object corresponding to a network. It is composed of a set of units, Here the goal is to delineate alpine-grasslands plants' assemblages based on the ecological requirements of species in order to use ecological gradients to model assemblages' distribution patterns. We start with the hypothesis that all species have specific habitat requirements, which can be described by habitat factors. These factors are inter-related to critical habitat characteristics, e.g. to those of vegetation and soil, but also areas surrounding the habitat (e.g. the spatial structure of landscape elements). The assemblages were then defined by applying a graph theory approach to a dataset of 4,280 phytosociological vegetation plots corresponding to acidophilous sub-and alpine grasslands, collected by the National Botanical Conservatory of the Alps (CBNA). Information within plots includes location and plant species list (abundance) occurring within vegetation' stands. Our concern was to elaborate species assemblages (or modules) that are not constrained by phyto-sociological principles but based on the species co-occurrence at the monitoring plot level.
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The co-occurrences between pairs of species were derived from the vegetation-plot dataset. They were then translated into a graph where the nodes represent each species and the thickness of edges represents the degree of co-occurrence between pairs of species ( 
Figure 2: Construction of a network of species from vegetation-plot data and ecological interpretation: (A) vegetation-plot dataset consists of sites/species tables with presence/absence data; (B) an index of co-occurrence between pairs of species (U) is computed from the table and allows a network to be constructed: the nodes represent each species and the edge thicknesses the index U; (C) here the structure of the network is assumed to be caused by ecological requirements of species: each cluster of nodes (representing species with similar ecological requirements), called module (1), is a representation of plant communities (2) based on their ecological affinities. These communities can then be associated with specific ecological compartments (3) along ecological gradients (4).
Co-occurrence of pairs of species within a particular plot is assumed to be caused mainly by the same or similar ecological requirements ( A first level of analysis of the species' assemblage patterns from a graph structure is to detect the presence of modules of highly-interconnected species. Among a large array of module detection algorithms developed by the graph theory community we used an algorithm derived from the information theory called 'maps of random walks' also referred to as infomap (Rosvall and Bergstrom 2008) . It allows the delineation of modules where species are much more likely to occur together in real-
world communities rather than species from other modules because they share similar ecological requirements.
A second level of analysis of a graph structure is to analyse in more detail the role of each node (species)
according to their pattern of intra-and inter-module connections (Guimerà and Amaral 2005). They define a within module degree (z) which measures how well-connected is a vertex to other vertices inside the module and a participation coefficient (C) which measures how well-distributed the edges of a vertex are among other modules. A species with both high z and low C -called 'provincial hubs' -is believed to be a good indicator of module habitats conditions (i.e. called here ecological compartment)
because it shares ecological requirements with many other species of the same module. We expected these species to be widely distributed among plant communities inside this particular ecological compartment, whereas species with low z and C -called 'peripheral hubs'-have stronger ecological requirements and are very likely to occur in more specialized plant communities in more constrained ecological sub-compartments. This ratio z/C is particularly interesting when studying species strategies (ubiquist/endemic/indicator) and will help us choose the most 'provincial' species to represent best the ecological behaviour of each module.
III.2. Ecological gradients
A small set of continuous ecological variables (Table 1 ) was recognized to affect spatial distribution of grasslands alpine species at the mapping scale used (25 m grid resolution on 5,000 Km² of study area).
Plot size (4-50 m²) is smaller than variable resolution (25*25 m) but we assumed here the spatial homogeneity of species assemblages at the pixel level. Therefore, species-environment relationships and variability were well-captured at this resolution. The resulting models were compared based on their relative performance in fitting the observed data (Elith et al. 2006) . A first statistical assessment was performed using ROC sensitivity analysis, which was calculated for each model on 1,000 repetitions using 75 per cent of the sampled data. Statistical assessment was also supported with expert assessments conducted on the final distribution maps. Both outcomes were combined to produce the best distribution models that were used at the end for mapping ecological compartments. Table 1 
IV. Results
IV.1. Species network
; one central species is highlighted for each module together with edges to its neighbours. (b) C/z parameter space helps characterize each species and module role in the network; central species are chosen within the upper left square of provincial hubs (I). Following and simplifying Guimerà and Amaral (2005) other principal roles of nodes are peripheral nodes (II), connector hubs (III i.e. module 6) and non-hub connector (IV).
Species inside a module are linked with each other by their ecological affinities (common niche) and not by botanical characteristics, supporting the use of ecological datasets to predict vegetation potential distribution.
IV.2. Modules, ecological compartments and indicator species
Based on a modularity analysis and on an expert examination of the resulting species' network, 5 assemblages (M1, M2, M3, M4, M5) were selected (Table 3) for their wide representation in the field, their botanical consistency and their ecological dissimilarities. The modules are exclusive and therefore, in the modelling process, the presence points of a specified module were considered as absence points for all other modules. 
IV.3. Modelling results
Using the 6 ecological gradients and modules' presence point data, we computed 10 species-distribution models (SDMs) for each of the 5 alpine species assemblages delineated by the graph approach in order to predict the potential distribution of their ecological compartments.
Four types of models showed ROC cut-off values above 0.85 -the threshold above which a model is considered here to have a good sensitivity or sufficient statistical relevance. The models that performed best were a GLM and a GAM, an RF, a GBM and a MaxEnt (see Table 2 ). The GLM successfully handled the expert assessment stage because it provided maps with both consistent probability levels and spatial extent closest to reality. MaxEnt also showed good spatial extent but low-probability levels whereas other types of models showed a trend to either over-estimate or limit spatial extent. For all models, around 80 per cent of presence data were properly predicted on average (sensitivity relevant) with relatively weak differences among modules. The same percentage and pattern were properly predicted for absences data. The importance of variables was in agreement with expert knowledge and underlined altitude as the key ecological factor influencing species-environment relationships. Close examination of the importance of variables is, nevertheless, beyond the scope of this proceedings paper. It is worth noticing that the degree of convexity at small scale (radius of 50m) did not show any statistical significance.
IV.4. Resulting map
At the end, all best-performing models (only GLMs) were mapped together ( Figure 4) . Each grid-cell was assigned to the model with the highest probability only if the differences with all other modules' probabilities were higher than 0.2. Otherwise, if the difference with another module was lower than 0.2 it was labelled as an overlap grid-cell (not shown here). Thus, the map represents the cores of the ecological compartments. Probabilities lower than 0.5, indicating a weak probability of occurrence; have clearer colours on the map in order to identify the zones of modelling uncertainty.
At the end, the different ecological compartments when mapped together present coherent spatial extents and probabilities with very good landscape coverage across the study area. 
V. Discussion
Application of graph theory to vegetation-plot data combined with species distribution models has revealed ecologically-coherent species' assemblages and consistent ecological compartments' distribution. Compared to classical ecological clustering using environmental data, this modelling method yields ecological compartments that take into account vegetation's ecological requirements.
This approach was successful to reveal gradual changes in environmental conditions: probabilities gently follow the topographic gradients, which are typically marked in the mountain environment. The transitional zones (i.e. the overlaps between ecological compartments) which represent 22.5 % of the area were in most cases ecologically relevant. The most frequently found were the transition between nival and cryophilous conditions (between modules 4 and 5: alpine belt) and the transition between mesophilous and thermophilic conditions (modules 2 and 3: subalpine belt).
Applying SDM at the landscape scale using explanatory variables derived from Digital Elevation Model (DEM) with a resolution of 25 m is quite rare in the literature. However, these variables, chosen to be close to plants' direct resources (e.g. total insolation for solar energy or topographic wetness index for soil water content) and generics for plants' pattern delineation in mountains' environments, are relevant to predict ecological compartments. Besides, it makes it useful to vegetation scientists because at this scale predictive maps are close to their on-ground perception.
Significant explanatory variables of species' assemblages' distributions are in accordance with our models. Altitude and total solar radiation were the most important variables, followed by the large-scale topographic position (convexity with radius of 500m). The spatial dependence variable played also a significant role, especially in the delineation of thermophilic subalpine ecological compartment (module 3) as it occurs much more in the southern part of the area. The small-scale topographic position (convexity with radius of 50m) seemed not to account for micro-topographic patterns due in part to the mismatch of resolution with the DEM used (25 m). Thus, a high resolution DEM will be very helpful in the near future to improve fine-scale distribution patterns. Another improvement would be the use of a time series' analysis of NDVI (Normalized Difference Vegetation Index) images that would allow a better evaluation of the snow cover and the different phenologies of vegetation.
The approach here allows optimizing time and field efforts to map vegetation in complex mountain areas. In particular, it will serve as key input within the framework of CarHab project, by providing predefined vegetation's series outlines. It is then possible to produce probabilistic maps of vegetation by coupling modelled ecological compartments with physiognomies extracted from remote sensing classification.
In all, graph theory has proven to be suitable to analyse vegetation-plot data under a community-based approach and to propose species assemblages as objects to be modelled across complex landscapes.
When vegetation data are available, using SDM with well-defined indicator species in addition to simple and generic explanatory variables allows the production of relevant ecological compartments in conformity with fields' expert knowledge.
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